Somatosensory evoked potentials map the sensorimotor cortex by eliciting intrinsic cortical physiological responses to peripheral nerve stimulation, most often of the median or posterior tibial nerves. 9 The SSEP N20 waveform is recorded over the contralateral somatosensory cortex, whereas a P20 waveform with the opposite polarity is recorded over the primary motor cortex. Referential recordings from adjacent electrodes over the pre-and postcentral gyri produce a "phase reversal" between the N20 and the P20, marking the site of the central sulcus, which is directly underneath or a few millimeters anterior to the area of highest amplitude. 13 By statistically comparing the hemodynamic response of the BOLD signal between task and nontask states, fMRI localizes the sensorimotor cortex during voluntary or passive movement, most commonly for contralateral finger tapping. The spatial resolution of fMRI is 8-50 mm 3 , which corresponds to 10 5 neurons. 25 Correlation between fMRI findings and the results of direct electrical brain stimulation is high, although not 100%, in part because fMRI shows "participative" cortices while ECS shows sites that are critical to function. 6, 15 Functional MRI colocalizes with hgECoG motor mapping 8 and many other testing paradigms, including auditory, 22 reading, 12 working memory, 11 and attentional tasks. Electrocorticography records normal cortical function and is most sensitive in the high gamma range, that is, between 70 and 150 Hz. 4, 5, 14, 17, 18, 23 Broad-band spectral increases of the hgECoG signal provide a correlate of local cortical activity but are masked by changes in band-specific peaks at low frequencies, classically named event-related desynchronization. 24 In hand motor tasks, these conjugate processes cause behavioral splits at 48 ± 9 Hz (± SD) to assess local cortical function. 17, 18 Changes in power in high gamma activity during hand movement rapidly localize cortical hand area with only several seconds of data collection, giving a rapid, specific, and straightforward method for locating functional areas in the cortex with the hgECoG signal. Even imagining motor movement can activate these areas of cortex. 20 These 4 modalities of mapping sensorimotor function should produce concurrent results, but this has not been well studied in children. Having multiple modalities to localize salient cortex prior to resective epilepsy surgery can lead to better-informed decisions about proceeding with these elective procedures, especially if some of the modalities fail to generate meaningful results.
Methods
We retrospectively examined the charts of all patients who underwent epilepsy surgery under an institutional review board-approved protocol at Seattle Children's Hospital between July 20, 1999, and July 1, 2011. We reviewed the charts for any attempt to localize the primary motor and somatosensory cortices via 2 or more of the following tests: ECS, SSEP, fMRI, or hgECoG. Perirolandic subdural platinum electrodes (4-mm diameter, 0.75-1 cm interelectrode spacing; Ad-Tech or Integra) were placed to localize seizure onset in patients with medically refractory localization-related epilepsy. Preoperative T1-weighted MRI studies were coregistered to postoperative CT scans of intracranial electrodes by using the BioImage Suite.
Electrical cortical stimulation was performed in 36 awake patients at the bedside by using an Ojemann stimulator (Integra) to elicit motor activity by delivering up to 12 mA of current to pairs of implanted electrodes, and patients were monitored for movement or reproducible sensations of the hand, face, or leg. Monitoring of SSEPs was performed in 46 patients, stimulating the median nerve at a rate of 5.1 Hz, with a pulse width of 200 msec and a current of 6 mA. There were 2 trials with 200 acquisitions per trial, and waveforms were evaluated for reproducible N20 and P20 peaks. The recordings were inspected for a "phase reversal" of the N20 and P20 between adjacent electrodes.
Imaging for fMRI mapping was performed in 18 patients using Siemens (either the 1.5-T [Avanto] or 3-T [Trio] scanners) or General Electric 1.5-T (Signa scanner) systems. In the former machines, a 36-slice BOLD-T2 study (TE 30 msec, TR 3820 msec) was acquired, with the following parameters: slice thickness 3 mm, gap 0.8 mm, and voxel size 3 × 3 × 3 mm. A total of 60 volumes were obtained per run, resulting in a total time of less than 4 minutes per run. In the latter scanner, only 8 slices were acquired, with a slice thickness of 8 mm. Each study was designed in an ABABAB algorithm where the 2 tasks, A and B, were performed for 10 volumes (39 seconds) each. The patients were instructed to tap their fingers or their foot. In children too young to cooperate, the somatosensory cortex was activated by passive movement with the patient sedated. Postacquisition analysis was performed using the commercially available Siemens or GE software, which performed a t-test for each voxel between acquisitions in the 2 tasks. These were projected onto the source images for analysis. 28 These images were then coregistered to the previously mentioned scans.
We recorded hgECoG in 10 patients using SynAmps2 (Neuroscan) amplifiers, set to sample at 500-2000 Hz and bandpass filtered from 0.15 to 500 Hz. We looked for frequencies up to 150 Hz as our amplifiers have a built-in low-pass filter at 200 Hz. In some patients, the position of each finger was registered through a 5-df data glove device (Fifth Dimension Technologies, Inc.). Some patients were given a button-pushing task. In other patients, we compared 15 seconds of active or passive hand movement with 15 seconds of the hand at rest. Some patients also had face or leg cortex localized with focal movements. The data were notch filtered for 60, 120, and 180 Hz to eliminate line noise by using a third-order Butterworth filter. We referenced the data with respect to the common average and computed the fast Fourier transform for the t = 1-to 2.5-second interval from each t = 0-to 3-second epoch (a subinterval was used because of jitter in behavioral response). The data from these epochs were transformed using overlapping 0.256-second (256 sample) windows with 0.1-second step sizes between them. A Hann window was imposed on each data window to attenuate edge effects. Spectral coefficients were normalized with respect to a baseline period. We measured the total integrated power Pb (e; t, nt) for each electrode "e,"
where "nt" is an interval of task type "t" (t can be hand movement or rest). We used the library for support vector machine (LIBSVM) implementation (http://www.csie. ntu.edu.tw/~cjlin/) of a linear support vector machine classifier 29 to make pairwise class divisions between hand movement and rest data, using the projection vector Pb (e; t, nt) with 6-fold nested cross-validation. Data were collected and processed online at the bedside using the BCI2000 software on a laptop computer. 26 Patients' parents gave informed consent through a protocol approved by the Seattle Children's Hospital Institutional Review Board.
Results
A total of 50 patients met inclusion criteria. The mean age at operation was 10.6 years (range 0.7-18.8 years), and 44% were female. Operations were performed in the left hemisphere in 50% of the patients. Our youngest patient to have hgECoG mapping was 2 years and 10 months old. Lesions were detected on neuroimaging in 37 patients (74%). Success rates of the different modalities and comparison with ECS are listed in Table 1 . An example of convergent localization via all 4 modalities in 1 patient is shown in Figs. 1-4 . The locations of the epileptogenic zones of our patients are listed in Table 2 .
Discussion
Electrical cortical stimulation, SSEP, fMRI, and hgECoG generally produced convergent localization of cortical sensorimotor function in children. Electrical cortical stimulation remains the gold standard in large part because it has the longest history of use. It also has the advantage of being easy to interpret. The disadvantages of this technique include its potential to cause seizures, and, in our experience, it is the modality most likely to have negative results. Somatosensory evoked potentials monitoring has the next longest track record, and is also easy to interpret, but is the second most likely to fail to generate results. We consistently used these modalities to try to localize the hand sensorimotor cortex since it was proximate to our respective sites in most patients. We occasionally used these modalities with the face or leg cortex and also had success, although there were too few of these patients to provide meaningful comparisons.
We continue to use fMRI in children younger than 3 years old to localize either hand or foot cortical sensorimotor function, 28 and in the past 4 years the sensorimotor cortex has been accurately localized in all cases as compared with ECS. In this study, fMRI succeeded in localizing the sensorimotor cortex in 2 patients in whom ECS failed to localize it. While fMRI is harder to interpret than ECS or SSEPs, there are good commercially available software packages for many MRI machines for motor localization, as well as for coregistration.
Changes in power in high gamma activity during repeated hand movement rapidly localized the cortical hand area with only several seconds of data collection, giving a rapid, specific, and straightforward method for locating functional areas in the cortex. We had a superior success rate for localizing the motor and somatosensory cortices with hgECoG in children compared with ECS and SSEP. Like ECS and SSEP, hgECoG requires direct access to the brain to prevent the attenuation of very high frequency activity by intervening tissues and to provide better spatial resolution.
Our results of hgECoG mapping in pediatric patients are similar to those of 66 adult patients published in the literature (Table 3 ). In adults, hand motor hgECoG compared with ECS maps showed that 1.2% of contacts were identified by ECS but not by hgECoG, and 3.19% of contacts were identified by hgECoG but not by ECS. For hand mapping, there were no false-negative results between ECS and hgECoG and only a 0.46% false-positive result, suggesting that hgECoG may be more sensitive than ECS for mapping the hand motor cortex. 3 Another advantage of this technique over ECS is that the sensorimotor cortex can be mapped using hgECoG to sample endogenous cortical function in children younger than 3 years old. This method is also much faster and better tolerated than traditional ECS. The major disadvantage of hgECoG is that it is the hardest of these modalities to interpret, requiring substantial computer literacy, specifically signal processing skills, to perform it as described in Methods and elsewhere. 16, 19 Fortunately, more automated signal processing programs are on the horizon. The signal generated is quite robust in preventing interrater reliability problems, although we did not formally quantify this. 
Conclusions
This study is limited by its small sample size and retrospective nature, but it establishes that prospective studies from other institutions are warranted to address these limitations. These 4 modalities of mapping sensorimotor function produced concurrent results in children, as they have in adults. Having multiple modalities to localize salient cortex prior to resective epilepsy surgery can lead to better-informed decisions about proceeding with these elective procedures, especially if some of the modalities fail to generate meaningful results. It is particularly useful to have techniques that can be used to identify eloquent cortex in young children, as early epilepsy surgery is often critical for maximizing developmental potential. In addition, if future studies confirm our findings in larger series, hcECoG and fMRI may ultimately obviate the need for time-intensive, less well-tolerated techniques such as ECS. 
